The European Horizon 2020-project COMBI ("Calculating and Operationalising the Multiple Benefits of Energy Efficiency in Europe") aims at estimating the energy and non-energy impacts that a realisation of the EU energy efficiency potential would have in the year 2030. The project goal is to cover the most important technical potentials identified for the EU27 by 2030 and to come up with consistent estimates for the most relevant impacts: air pollution (and its effects on human health, ecosystems/crops, buildings), social welfare (including disposable income, comfort, health and productivity), biotic and abiotic resources, the energy system and energy security and the macro economy (employment, economic growth and the public budget). This paper describes the overall project research design, envisaged methodologies, the most critical methodological challenges with such an ex-ante evaluation and with aggregating the multiple impacts. The project collects data for a set of 30 energy efficiency improvement actions grouped by energy services covering all sectors and EU countries. Based on this, multiple impacts will be quantified with separate methodological approaches, following methods used in the respective literature and developing them where necessary. The paper outlines the approaches taken by COMBI: socio-economic modelling for air pollution and social welfare, resource modelling for biotic/abiotic and economically unused resources, General Equilibrium modelling for long-run macroeconomic effects and other models for short-run effects, and the LEAP model for energy system modelling. Finally, impacts will be aggregated, where possible in monetary terms. Specific challenges of this step include doublecounting issues, metrics, within and cross-country/regional variability of effects and contextspecificity.
Introduction
In recent years, research and practice have shown that energy efficiency improvements hold numerous wider benefits for the economy, society and end-users than energy and cost savings. These multiple or also often called non-energy or co-benefits include e.g. increases in employment, GDP, productivity and energy security, positive impacts on health, ecosystems and crops and reduced GHG emissions and resource consumption. The improvement of energy efficiency is not an end in itself but a means to address major challenges such as climate change, energy supply security and/or economic downturns. In order to develop more cost-effective energy efficiency policies and longterm strategies, these multiple impacts have to be accounted for more comprehensively in the future. One important meta-study published by the IEA in 2014 is the report Capturing the multiple benefits of energy efficiency (IEA 2014) . It provides a comprehensive overview of existing approaches and research findings on five categories of energy efficiency benefits: macroeconomic development, public budgets, health and well-being, industrial productivity and energy delivery. Although the field of research on multiple impacts is growing rapidly, to date the findings are still disperse, vary widely with regard to the magnitudes of the impacts and have significant gaps with respect to coverage of sectors, technologies, geography and policy impacts. Moreover, many impacts are often not quantified and monetised and sometimes even not identified by decision-makers and affected stakeholders (Ürge-Vorsatz et al. 2009 ). A main challenge of quantification is their contextdependency, i.e. that they vary significantly between technologies, sectors, end-users, countries/geographical location, and policy types etc. (Ürge-Vorsatz et al. 2009 ). Moreover, a multitude of methods for quantifying and monetising multiple energy efficiency impacts exist, their application is usually highly demanding due to consideration of complex causal chains and data limitations, and results may vary significantly by chosen method. Finally, an aggregation of these impacts can be problematic due to overlaps of impacts (double-counting, interactions) and controversial due to methodological challenges and ethical concerns with respect to their monetisation (e.g. valuing life and health). These challenges make a consideration of multiple benefits in policy making and policy evaluation difficult. However, they are clearly important given many research findings indicate that the magnitude of multiple benefits is large and in many cases -particularly in the buildings sectoreven outweigh the value of direct energy benefits (Ürge-Vorsatz et al. 2009 , IPCC 2007 , Kats 2006 , Schweitzer and Tonn 2002 . The European Horizon 2020-project COMBI ("Calculating and Operationalising the Multiple Benefits of Energy Efficiency in Europe") addresses these challenges and aims at five central research innovations in this respect: 1) data gathering on energy savings, potentials and technology costs per EU country for the 30 most important energy efficiency actions in the residential, commercial, industrial and transport sectors, 2) developing adequate methodologies for impact quantification, monetisation and aggregation, 3) applying these methods in order to derive (ranges of) values for the most important multiple impacts and where adequate, monetising 4) incorporating the derived values into decision-support frameworks for policy-making (e.g. cost-benefit analysis, energy efficiency cost curves) and 5) providing a simple online visualisation tool for customisable graphical analysis and assessment of multiple impacts and data exportation. Project outcomes will thus directly contribute to enable the definition of cost-effective policies and support policy-makers and evaluators in the development and monitoring of energy efficiency strategies and policies in the future. The following impacts of energy efficiency improvements are assessed in COMBI:
• impacts of reduced pollution on health, eco-systems, crops and built environment • resource impacts: abiotic/biotic and economically unused resources • social welfare impacts: disposable income/fuel poverty, comfort, health • impacts on productivity in commercial and public buildings • macroeconomic impacts: employment, GDP, public budgets
The objective of this paper is to present and discuss the COMBI methodologies, the most critical methodological challenges with such an ex-ante evaluation and with aggregating the multiple impacts. The structure is as follows: The next section gives an overview on the data derived from the TED/LEAP database for a set of 30 energy efficiency improvement actions grouped by energy services covering all sectors and EU countries. Based on this, multiple impacts will be quantified with separate methodological approaches, following methods used in the respective literature and developing them further where necessary. In the following sections, the paper outlines these approaches applied by COMBI: socio-economic modelling for air pollution and social welfare, resource modelling for biotic/abiotic and economically unused resources, input-output modelling for short-run macroeconomic effects and Computable General Equilibrium (CGE) modelling for longrun macroeconomic effects, and the Long-range Energy Alternatives Planning System (LEAP) model for energy system modelling. Specific challenges of aggregation including double-counting, metrics, within and cross-country/regional variability of effects and context-specificity will be discussed subsequent to that. The paper concludes with a discussion of further research needs and provides first recommendations.
The 2030 EU energy efficiency potential
The COMBI project separates three main factors that determine energy consumption in the residential, tertiary, transport and industry sectors, namely activity levels, structural factors, and the energy efficiencies themselves. The selection of end-use energy efficiency actions studied is based on the following principles:
• The "energy services" (e.g. heating, cooling, domestic hot water production, lighting, etc.) of the different sectors are taken as a starting point; • Existing EU energy efficiency scenarios are used as reference for both activity levels (e.g. population and GDP growth) and structural factors (e.g. shares of single and multifamily dwellings, activity shares of the different subsectors in the tertiary and industrial sectors; and transport modes); • The focus is on varying the "technical" energy efficiency improvements, while in principle accepting the behavioural changes and structural assumptions of the referenced EU scenarios; • The actions should in principle cover 80% of the EU energy saving potential by 2030. The estimated final energy savings potentials for the EU27 by 2030 (relative to a PRIMES final demand baseline scenario) are currently based on Fraunhofer ISI (2009; , but will be updated once new figures are released in the course of 2016.
Residential and tertiary sector
For both the residential sector (households) and the tertiary sector the relevant energy efficiency improvement actions are:
• Improvements of the building envelopes (existing buildings);
• Passive House standards for heating and cooling demands (new buildings);
• Improvements of domestic hot water (DHW) systems;
• Improvements of (room and/or central) air-conditioning systems and fans;
• Improvements of lighting systems;
• Improvements of refrigerators / freezers (residential) and commercial refrigeration and freezing; For existing buildings in the residential sector, improvements of the building envelope and heating systems account for 45% respectively 24% of the total energy saving potential. Adding the 16% energy savings potential resulting from new dwelling gives a total of 85%. By including the 7.1% potential of improved domestic hot water systems and the 4.7% potential of more efficient lighting, almost 97% is covered. Household appliances are good for the remaining 3%, but COMBI opted for looking only at refrigerators/freezers, as they have the largest potential of residential appliances.
The potentials for the tertiary sectors are very similar, where improvements of the envelopes of existing buildings and more efficient heating and space cooling systems give rise to energy savings of 40% respectively 24%. New buildings would contribute another 15%, giving a grand total of 79%. Lighting has a much larger share in the savings potential as compared to the residential sector, namely 12% (but including 3% savings from better street lighting). Ventilation systems (or "fans") are more prominent in tertiary buildings, and may contribute 4.5% of the total energy saving potential. Also typical for the commercial sectors are the large refrigeration and freezing systems, with a saving potential of 3%. This means that COMBI would cover more than 98% of energy savings potentials identified in existing EU scenarios.
Transport
Although COMBI in principle does not vary "structural" elements, which remain fixed at the referenced EU scenario levels, modal shifts in the transport sector have to be included, because of their large energy saving potentials. The retained energy efficiency improvement actions for passenger and freight transport are thus:
• Improved efficiency of road vehicles, mainly cars (passenger transport);
• Improved efficiency of light and heavy duty trucks (freight transport);
• Improved efficiency of rail transport vehicles, mainly trains (passenger and freight transport);
• Modal shift (passenger and freight transport). In the transport sector, improved efficiencies of road vehicles contribute almost 49.5% of the energy saving potential, compared to 1.5% for more efficient trains. In other words, "pure technical" improvements would only cover about half of the total potential. This makes it necessary to include modal shifts (10%), and probably (other) behavioural changes as well (25%).
Industry
For industry, the most relevant energy services are high temperature process heating, steam systems, machine drive, and industrial facilities (or buildings); leading to the following list of actions:
• More efficient blast furnaces and basic oxygen furnaces (iron and steel);
• More efficient electric arc furnaces (iron and steel);
• More efficient kilns (cement);
• More efficient glass melting furnaces (glass); • More efficient steam crackers (chemical) • More efficient driers (paper and pulp);
• More efficient primary aluminium production (electrochemical); • More efficient chloralkali production (electrochemical); • More efficient steam systems, including combined heat and power CHP;
• More efficient fan and pump systems (machine drive);
• More efficient space heating (industrial facilities). In industry, the largest energy saving potential, approximately 29%, can be attributed to improved space heating in industrial facilities, very similar to residential and tertiary buildings. Improvements of steam systems, including higher shares of combined heat and power (CHP) systems, contribute another 30%. It is difficult to assess the exact shares of the other retained actions in the total savings potential, but more efficient high temperature processes in the iron and steel, cement, glass, paper and pulp and chemical sectors (steam crackers and electrochemical processes) should cover at least 20% to 30%, thus enabling COMBI to reach the targeted 80%.
Methodologies for the quantification and monetisation of multiple benefits of energy efficiency improvements

Impacts of reduced pollution on health, eco-systems, crops and built environment
Air pollution and climate change are phenomena that are intrinsically linked to each other in many complex ways, but for historical reasons have been studied and modelled separately. There is a growing number of voices that both problems need to be addressed within a common framework in order to enable synergies, avoid antagonistic outcomes and ensure cost-effectiveness of policies (M. Amann et al. 2014; Kuylenstierna et al. 2012; Alcamo et al. 2002; Markus Amann et al. 2011) . Most energy efficiency studies end with an estimation of the greenhouse gas emission potential. Nevertheless, there is a growing number of studies that aim to investigate the implications of climate change mitigation policies on air pollution, or vice versa (Mzavanadze 2015) . If fossil fuel combustion is at the core of both problems, then decreasing energy consumption without compromising the quality and quantity of energy services -i.e. energy efficiency -would yield double dividends in terms of avoided climate change and avoided air pollution. A multiple step framework is needed to quantify and monetize the air pollution impacts of energy efficiency interventions. Each step illustrated by an arrow (Fig. 1 ) represents a separate area of studies with distinct methodologies: environmental sciences, environmental chemistry, meteorology, geography, epidemiology, environmental economics. A number of climate change mitigation studies with an aim to study ancillary air pollution effects do not complete the whole chain of assessment steps (Mzavanadze 2015) . Air pollution dispersion modelling in the geographical scope area is one of the most complex steps and oftentimes many studies end with avoided quantities of air pollution emissions. Human health is the most studied receptor of negative air pollution effects, with ecosystem and the built environment.
Figure 1. Multi step assessment framework of air pollution impacts of energy efficiency
Source: Mzavanadze 2015 In the context of European air pollution policies, many generic and sector-specific modelling tools have been developed during the last two decades to estimate the cost of air pollution externalities. The most straightforward approach used in cost-benefit analyses is to use energy consumption activity data by energy carrier and calculate the total air pollution emissions based on the most up to date emission factors (Department for Environment, Food and Rural Affairs (DEFRA) 2013; European Commission and Directorate-General for Regional Policy 2015). Emission factors are coefficients that describe the relationship between a raw energy material consumed and air pollution emitted as a result. They are based on scientific observations of technologies and can also be country-and industry-specific and customized depending on the level of detail required. The list of air pollutants covered by this approach includes all pollutants listed under the protocols of the Long Range Transboundary Air Pollution Convention. Monetization of the air pollution impacts can be carried out using damage values per ton of pollutant to the human health, ecosystems and the built environment from the most up to date report from the ExternE research stream series (European Commission 1995) . In order to decrease scientific uncertainty modelling tools, such as GAINS (successor of RAINS model by IIASA) or EcoSense Web (product of ExternE stream of research) could be used. These include modelling of air pollution dispersion, atmospheric chemistry, climatic conditions and distribution of receptors. They could also help to illustrate the geography of avoided air pollution impacts and could increase policy-relevance. Whichever method is used by COMBI, the methodology will involve construction of two scenarios -"business as usual" and "energy efficiency" -and estimating the difference in air pollution impacts.
Resource impacts: abiotic and biotic
The methodology for abiotic and biotic resource quantification in COMBI was preceeded by a literature review on the relevance of resource impacts and natural resource costs, a review on existing methods for quantification and a discussion on methodological challenges for natural resource accounting within multi-impact assessments (Teubler, Bienge, & Wiesen 2015) . Since there are no aggregated and well accepted indicators for the environmental impacts of global resource use at the moment (compared to e.g. indicators for global warming potential), a number of very different methods were analysed for this study. In general, there are four different types or method families, which deal with natural resource extraction or related subsequent economic issues: Life Cycle Assessment (LCA), Material Flow Accounting (MFA) or Input-/Output (I/O) modelling and Criticality Assessments. The latter was presumed to be not feasible in COMBI for resource quantification, due to its normative and qualitative nature. None of the reviewed methods includes social impacts of resource extraction and only one method (RECiPE) accounts for loss of functionality. LCA methods are well established in the scientific community, but often suffer from a lack of comprehensive data and require sufficient method knowledge for result interpretation. From the LCA family, impacts for abiotic depletion potential (adp), anthropogenic stock extended resource depletion (aadp) (see also Guinée & Heijungs 1995; Schneider, Berger & Finkbeiner 2011; Stewart & Weidema 2005) and mineral resource depletion (mrd) (see also Goedkoop et al. 2009 ) were reviewed in detail. Adp and aadp are mass-based indicators and include economic reserves, but do not incorporate impacts of mining, do not include all resources (and no biotic resources at all) and do not consider economical unused extraction. While mrd is a cost-based indicator considering the loss of functionality, it lacks from the same limitations. From the family of Material Flow Accounting methods, economy-wide material flow accounting (EW-MFA) and Material Input per Service (MIPS) were analysed to a higher degree. EW-MFA (see also Fischer-Kowalski et al. 2011; Giljum et al. 2011 ) uses reliable and robust data, regards all abiotic and biotic resources, can be linked to socio-economic data and includes unused extraction, but it quantifies resources on a high level of aggregation. It is assumed that it does not allow for a detailed quantification of resource impacts by energy effiency actions in COMBI. MIPS on the other hand (see also Liedtke et al. 2014; Stewart & Weidema 2005) quantifies all abiotic and biotic resources from nature (including unused extraction) from cradle-to-grave and is suitable for technologies and services. However, it suffers from the same limitations like LCA in regard to data requirements, consistency and robustness. After discussing the methodological challenges for COMBI, the MIPS method was selected for quantification. Its application for resource impacts (abiotic and biotic resources) is limited to the use phase of actions, and in some cases the production phase of technologies behind actions. Resource impacts (Material Footprint, MF) during use are all abiotic and biotic raw materials from nature in tons of material (endpoint is "natural resource use and preservation"), required to provide energy at final consumption. This includes the energetic carriers, auxiliary materials, their used and unused extraction, upstream processes to final consumption, energy transport and power plants. The production of energy (electricity, heat, fuels) is differentiated for different energy markets in the EU 28. Resource use for the production phase regards only relevant technologies for energy efficiency actions. Criteria for technology selection are type (technological improvement, substitution or shift), share in the technology mix and the ratio of resource use between production and use phase (stemming from literature and LCI databases). Impacts are monetised by two different ways: Direct material costs and external costs for abiotic depletion. Direct material costs refer to the amount and price (global market price) of critical raw materials (CRM). The materials in question are the 20 CRMs published by the European Union (European Commission 2014). The amounts of CRMs are quantified life-cycle-wide for production of the selected technologies, but are restricted to available datasets in LCI database ecoinvent 2.2. External costs represent the mitigation and prevention costs for resource use and are based on ecocost characterisation factors in the ecocost-value-model by Vogtländer (2001) . They are quantified life-cycle-wide for use phase of all actions and production phase of selected actions. The same material and energy flows are used for both -Material Footprint and ecocost accounting.
Social welfare impacts: disposable income/energy poverty, comfort, health A comprehensive literature review has determined that social welfare impacts of energy efficiency interventions are relevant mostly in the building and urban transport sectors (Mzavanadze, Kelemen, and Urge-Vorsatz 2015) . In the residential building sector the biggest societal gains are to be reaped when energy efficiency interventions target low-income groups, especially those suffering from energy poverty -a condition defined by the inability of a household to secure a socially-and materially-necessitated level of energy services in the home (International Energy Agency 2014, Bouzarovski and Petrova 2015) . Energy efficiency in residential buildings (insulation of the building envelope and replacement/improvement/installation of heating, air conditioning and venting technologies) has the potential (1) to improve health, both physical and mental, of those suffering from poor housing conditions such as cold homes, damp and mould (Braubach et al. 2011; Chapman et al. 2009; Howden-Chapman et al. 2008, Liddell and Morris 2010) , (2) to increase overall comfort as a result of the increase in indoor temperatures and the area of living space heated as well as improved insulation against outdoor noise (Clinch and Healy 2003; Milne and Boardman 2000; Hong et al. 2009; Diamant 1986) and (3) to increase disposable income due to energy cost savings and/or household energy subsidies foregone (Schweitzer and Tonn 2003; Ürge-Vorsatz and Tirado Herrero 2012; International Energy Agency 2014) . Some other health hazards may be eliminated intentionally or unintentionally during the intervention, such as radon, lead, asbestos and noise (Braubach et al. 2011; Brophy et al. 1999; Chapman et al. 2009 ; Canadian Environmental Law Association 2011). The first step in estimation of energy efficiency related human health improvements is evaluation of the current disease burden attributable to inadequate housing in Europe. This includes mortality (excess winter deaths attributable to indoor cold) and morbidity (respiratory and cardiovascular diseases attributable to indoor cold, cardiovascular diseases attributable to noise, asthma attributable to indoor dampness) (Braubach et al. 2011) . The second step is defining scenarios -to what extent energy efficiency interventions during the study period would reach the population currently experiencing health inequalities due to inadequate housing affecting mostly the energy poor or various other health hazards related to housing, distribution of which may not be restricted to particular socio-economic groups (like noise). It will be assumed that the distribution of the social welfare benefits will be proportional to the share of the housing stock retrofitted. The third step is to model and estimate the health damage avoided due to energy efficiency interventions. Modal shifts in urban transportation from private vehicles to walking and cycling have implications for (1) human health due to improved physical activity and air pollution exposure, (2) human health due to traffic accidents, (3) human health due to reduced exposure to noise and (4) reduced congestion (Rabl and de Nazelle 2012; Woodcock et al. 2009; Götschi et al. 2015; Rojas-Rueda et al. 2012) . Estimating noise and congestion may pose too many complexities at this scale and also a risk of double counting in case of noise. The Health Economic Assessment Tool of the WHO can be used for estimating the increased physical activity effects on the human health (Kahlmeier, World Health Organization, and Regional Office for Europe 2013). Modelling of traffic accidents due to modal shift has not been unanimous. Some predict an increase in the traffic accidents (de Hartog et al. 2010; Macmillan et al. 2014; Rojas-Rueda et al. 2012) , while others argue for a decrease (Maizlish et al. 2013; Woodcock et al. 2009; Xia et al. 2015) . The reason of the split may be context dependency and also differences in the temporal scale. The "safety in numbers" effect happens over many years along with changing attitudes, while in the short term an increase in traffic injuries can be expected in places where "safety in numbers" effect has not yet occurred. Although modal shift is likely to be limited mostly to urban populations, modelling of traffic related risks per vehicle/km on a country level may be the most practical approach for the scale of assessment (Bickel et al. 2006 ). The monetization of human health impacts will rely on the estimates from the contingent valuation literature and also from observed costs, e.g. cost of illness. The remaining impacts, such as comfort and disposable income would be operationalized through modelling of technical and financial aspects of housing retrofits.
Impacts on productivity in commercial and public buildings
Productivity can be defined as achieving higher levels of output with the same or less level of input, or conversely, requiring same/lower levels of inputs to achieve the higher/same level of output. Among energy efficiency measures in the building sector to be studied in COMBI, building envelope and heating system upgrades are the biggest drivers which influence the human productivity. Housing renovation interventions may result in three physically measurable outcomes: changes in indoor air quality, changes in temperature and changes in humidity. All of them impact human productivity in direct or indirect form (through mortality/morbidity rate). For example, humidity or dampness affects human health via mould growth in building. Almost 13% of European dwellings have dampness problems (Kolokotsa & Santamouris 2015) . Building retrofitting can cure this problem, lowering the probability of having respiratory diseases, allergies, and asthma. A mix of indoor air pollution with dampness may be a cause of the Sick Building Syndrome (Redlich, Sparer & Cullen 1997 ) that can be alleviated with renovation, leading to an increase in active work and school days. Many studies (see e.g. Worrell et al. 2003; Healy 2003; Federspiel et al. 2004; Lovins 2005; Chapman et al. 2009 ) establish a strong link between productivity and various energy efficiency measures, but despite this evidence on productivity impacts, they are often not accounted in quantitative decision support frameworks due to methodological challenges (Ürge-Vorsatz, Herrero, Dubash & Lecocq 2014). Labour productivity is improved through several ways due to energy efficiency improvements (e.g. healthy labour force, equivalent to more work days). First, sick days can be reduced by healthier conditions as a result of certain energy efficiency investments, such as building renovation and adequate ventilation systems. But people can also be more productive through producing highervalue output as a result of being able to better participate in education (avoiding repeated illnesses, for instance, as a result of energy poverty). If allergies and other productivity-impeding conditions are reduced, human productivity may also improve in terms of value produced per unit of time worked. There are also several studies including Saldiva et al. (1994) , Chen at al. (1998) and Smith & Mehta (2003) showing a relationship between lost school days and indoor air pollution. Due to a strong correlation between education and income (Gregorio 2002), a student's ability to earn may decrease as a result of lost school days. Thus, in COMBI, the possible way to capture productivity impacts is to create an impact map like figure 2, determine the physical units and investigate values accordingly for the relevant impacts and finally monetising. For example, productivity gained through improvement of human health can be measured by the ability to earn per hour or active work or school days before and after energy efficiency measure implementation.
Macroeconomic impacts: employment, GDP, public budgets
Macroeconomic impacts are either business-cycle or structural impacts. These two types of impacts are fundamentally different, and analysing them requires distinct methodologies. Both types of macroeconomic effects may also lead to effects on the public budget balance. Short-run macroeconomic effects, or business-cycle effects, stem from the fact that economies go through cyclical changes in investment, output (GDP) and employment, which fluctuate around a long-run trend. Macroeconomic policy, principally monetary and fiscal policy, are performed in order to smooth out such fluctuations. Investments in energy efficiency improvements will function as a fiscal-policy investment stimulus, and as such can potentially have positive effects on GDP and employment, under the right conditions. In COMBI, business-cycle impacts will be quantified using a business-cycle macroeconomic model, which is capable of addressing two main questions:
• What is the magnitude of the GDP/employment effects that EEI each action can potentially create? • To what extent is this GDP/employment boost actually 'additional'? The first point refers to how investment spending leads to increased economic activity through bringing idle resources into use. In terms of employment effects, this includes direct employment effects related to each EEI action, as well as indirect (supply-chain) and induced (consumption) effects that follow from the direct effect. The analysis will take into account the labour intensity of each EEI action, as well as to what extent the actions boost domestic economic activity, as opposed to, e.g., importing new capital equipment. The analysis will make use of input-output analysis to track the aggregate demand effects across countries and sectors. The second point stresses that, crucially, investment spending will only be beneficial (in a short-run macroeconomic sense) if the economy is in a situation where the output gap is negative. The mere fact that there is unemployment in the economy does not automatically mean that there is potential for such effects. The analysis must include a rigorous assessment of the size of the output gap over the relevant time period, to identify when, if at all, EEI actions might result in multiple short-run macroeconomic benefits. To the extent that short-run macroeconomic benefits are present, these are likely to also have a shortrun (temporary) effect on the balance of the public budget, e.g., through reduced expenditure on unemployment benefits. This effect will also be quantified, with the use of fiscal multipliers. Long-run, or structural, macroeconomic effects are unrelated to short-run business-cycle fluctuations, and instead pertain to an economy's properties in equilibrium, or along the long-run growth trend. Energy efficiency improvements may lead to a range of structural effects, including the direct effect of reduced spending on energy consumption, as well as pollution and other health effects, all of which are studied in other parts of COMBI. These effects may again have a (structural, or permanent) effect on public budgets, through less public spending on energy consumption, or reduced health care spending. These effects will be quantified, using the results from other parts of COMBI as inputs, together with data on country-level public spending. In addition, the EEI actions studied in COMBI are likely to lead to a number of other macroeconomic effects, which are not necessarily benefits, but nonetheless highly interesting. These include
• Effects on global fossil fuel prices (accounting for associated rebound effects)
• Effects on the quota price within the EU-ETS • Terms of trade effects (EU vs the rest of the world) • Structural shifts in consumption between different sectors/uses Such issues will be analysed using a structural, general-equilibrium type macroeconomic model, with a focus on the markets for fossil fuels.
Impacts on energy system & security
The majority of approaches evaluating the impacts on energy systems and energy security rely on model-based scenario analysis. Energy system models (e. g. the TIMES-MARKAL family of models or the European PRIMES model) are used to generate scenarios of how energy systems could develop. Energy security parameters are either incorporated as a constraint the model has to satisfy (for instance a certain level of installed back-up capacity); or some aspect of energy security is analysed after the model has constructed a scenario. By using energy efficiency policy modelling results under a baseline scenario, i.e. without the effect of the energy efficiency policy, and with a policy scenario, the difference between the evolution of the energy security indicator in each case can be used to determine whether, and to what extent, the policy has increased or decreased the 'vulnerability' of the energy system (of a region, a EU Member State, or the EU as a whole) to the earlier identified energy security risks. All assessments based on the use of scenarios and indicators necessarily give a partial and simplified view of energy security. Some of the shortcomings of using energy system models are (Mansson et al. 2014; Kruyt et al. 2009 ):
• energy security issues related to price volatility are often overlooked. Energy models with a long-term focus are unfit to investigate price volatility. Indicators incorporating price volatility can only be used in models with short-run dynamics; • energy models generally do not model trade in energy carriers other than coal, oil, natural gas and modern biofuels; • short-term threats (e.g. fluctuations in production) and problems related to interregional trade are sometimes disguised (depending on the iteration steps and granularity); • not all models capture macro-economic feedbacks from high energy prices. Models trying to quantify the welfare loss of a physical unavailability and/or price impact are invariably based on top-down economic models (Arnold & Hunt 2009; Hunt and Markandya 2004) . Forecasts, based on historical data on price movements, determine the probability of a price shock occurring. The impact, i.e. the resulting loss of wealth, of supply disruptions and/or energy price increases is estimated or simulated with the use of general equilibrium macroeconomic models that consider factors such as elasticity of demand. The relationship between energy security, and more in particular increases and volatility of crude oil market prices on the one hand; and gross domestic product (GDP) growth on the other hand, has been an ongoing topic of research since the 1980s. Most evidence tends to be gathered from short-run national or cross-sectional studies (van de Ven & Fouqet 2014). Also, not every oil price shock has led to economic slowdown (Kilian 2008) . The link between oil price shocks and GDP slowdown thus continues to be controversial. COMBI relies on a model-based scenario analysis with a set of vulnerability indicators (see e.g. European Commission 2013), which help to operationalise and hence assess a system as complex as the energy supply chain (Gracceva & Zeniewski 2014, p. 336) . Model-based scenario analysis help to assess how various policies put forward by the EU affect energy security (Ecofys 2009). The retained indicators are • import dependency;
• geographical diversification;
• diversification of energy sources;
• energy intensity of the economy;
• overall investment in new capacity needed;
• capital intensity of energy system investments;
• de-rated capacity margin;
• value of lost load (VoLL). The decision support tool LEAP is used to build an energy system model for the EU member states and to evaluate existing scenarios of how the energy systems in the EU could develop (Heaps 2012) . LEAP stands for the "Long range Energy Alternatives Planning System", a software tool for energy policy analysis developed at the Stockholm Environment Institute (SEI). All energy efficiency improvement actions are aggregated at the level of the individual energy carriers. These are then fed into the LEAP energy system model. Most of the assumptions concerning the energy system are those implicitly contained in the existing EU (e.g. PRIMES) scenario results. The LEAP model is structured to allow easy updating of the existing EU (e.g. PRIMES) scenario projections as well as other input data. The user can select the combination of indicators, scenarios and Member States to be displayed. The user can quickly change a small number of variable factors and see the resulting impacts. In terms of monetisation, overall investment in new capacity needed and capital intensity of energy system investments are by definition monetary indicators and a straightforward output of the LEAP energy system modelling. It is also possible to express import shares, with various disaggregations with regard to fuels and regions, in monetary terms. To evaluate the value of lost load, we use literature values for the different EU Member States.
Interactions between multiple impacts and approach for synthesis/aggregation
In the context of climate change-related decision making, multiple impacts are often cited as factors that can significantly change the results of direct cost-benefit evaluations. However, these impacts rarely enter the quantitative decision-making frameworks applied. They often remain at the rhetorical or discourse levels, even though their inclusion would substantially influence the outcomes of decision processes (Ürge-Vorsatz, Herrero, Dubash & Lecocq 2014) . Several studies (cf. Ürge-Vorsatz et al. 2009; Ryan & Campbell 2012; Ürge-Vorsatz et al. 2014 ) on co-benefits/non-climatic benefits indicate that some categories overlap among each other. In such cases special care needs to be taken to avoid double counting. Hence, a detailed impact map can be created to understand the impact pathway from the starting point, i.e. from the energy efficiency action to the end point (where impacts are not any more transferred into other impacts). Figure 2 can be considered as an example illustrating the interdependencies among impacts and suggesting a framework for identifying the impact pathways, endpoints, and thus key interactions as well as potential double counting. Within the COMBI project, such cause-impact interrelations will be analysed, identified and included in the quantification approaches. 
Methodology
In a first step, an impact map will be created as per relevant energy efficiency actions. Then, single impacts will be identified and quantified using the most convenient methods and indicators (see previous sections). Physical metrics of each significant end-point will be proposed and where possible monetised using an appropriate methodology. After monetisation, impacts are aggregated. Several impacts are quite complex and controversial to monetise like health. In that case, COMBI will quantify both the physical unit to assess the impact as well as the monetized value. Another issue of monetisation and aggregation is dependency among impacts and as a result, complexity may arise for a rigorous assessment of individual impacts as well as for their aggregation. For example, some impacts are directly dependent on the amount of energy savings (e.g. climate change mitigation, energy cost savings) while others can be derived from these values and depend on rather complex cause-impact-chains across different socio-economic and environmental fields (e.g. social welfare, health impacts, GDP and employment effects). Consequently, direct energy-dependent and indirect benefits differ in their complexity of modelling. Other benefits include different aspects and have wide ranges, e.g. welfare covers aspects like health and disposable income. Since some benefits can actually be negative for some stakeholders (such as lost employment in the energy supply sector due to less energy demand, foregone tax revenues from energy sales, etc.), the project will focus on net co-impacts rather than only benefits in order to consider the multiple impacts in an objective framework.
Challenges
1. Context dependency: Multiple impacts are extremely context dependent. The impact of policy design in many cases determines the types and size of multiple benefits. For example, Ürge-Vorsatz et al. (2010) found in a study on energy efficiency policy impacts on employment in Hungary that the mode of financing and not only the level of ambition of the energy efficiency action impacted the level of employment benefits, because the mode of financing influences the amount of disposable income that is available to different economic agents at different points in time (Ürge-Vorsatz et al. 2010) , which in turn influences consumption and investment patterns and consequently demand for goods and thus employment in different sectors. 2. Scale: In terms of the geographic scope of whose benefits should matter, in general, the appropriate scale of analysis depends on the type of multiple impacts assessed. Also the unit of analysis plays a crucial role for quantification, as e.g. an analysis at national level will not capture distributional effects. Different impacts are also relevant at different scales. For example, some air pollutants (e.g. PM10) have more local impacts, while others (e.g. SO2) can have trans-boundary impacts. However, the preferences of the policymaker can override this consideration. Thus, it may be appropriate to take the boundary of the impact as the boundary for the assessment in order to avoid ignoring some impacts. 3. Baseline and Additionality: It is important to investigate the share of the impact is actually resulting from energy efficiency action and thus is additional compared to the baseline. Additionality thus depends on the appropriate choice of a baseline. 4. Evaluation perspective: When assessing multiple impacts, the perspective of the assessment needs to be established in terms of which groups of stakeholders to take into account in the assessment (e.g. society or investors/end-users)
Conclusion
Energy efficiency improvements hold numerous wider impacts for the economy, society and endusers than energy and cost savings. These multiple impacts have to be accounted for more comprehensively in the future. Their quantification and monetisation is however challenging due to a consideration of complex causal chains, the context-dependency of multiple impacts, data limitations and ethical concerns in regard to monetisation. In addition, significant overlaps and interactions between these impacts exist, which make an aggregation and thus complete consideration in decision-support frameworks for policy-making difficult. This paper has shown and discussed suitable methodologies for an ex-ante assessment of specific multiple impacts of energy efficiency improvement actions and pointed out which methods will be used in the European Horizon 2020-project COMBI. This project is aimed at calculating and operationalising the most important multiple impacts of the 30 most relevant energy efficiency improvement actions in Europe.
Although the field of research on multiple impacts has grown rapidly in the past years, there are several needs of further investigation when assessing these multiple impacts ex-ante. In particular, more research is required in terms of their context dependency, scale, interactions and additionality for developing a suitable synthesis/ aggregation approach. But also specific methods for calculating individual benefits may need further adaptation in order to be able to assess the complex causal chains in more detail.
